Introduction
Earth's radiation belts are divided into three regions: the inner belt, centered near 1.5 Earth radii (R E ) from the center of the Earth when measured in the equatorial plane; the outer belt, which is most intense between 4 and 5 R E for relativistic electrons (>500 keV); and the "slot" region, centered near 2.5 R E , which appears to separate the two radiation belts during quiet times but can be filled with relativistic electrons during active times. The outer belt electrons are constantly decaying and episodically reforming, on a time scale of hours to days, and each reformed belt may have a different center location and intensity [Li and Temerin, 2001] . In contrast, Earth's inner radiation belt is much more stable. It contains an intense and stable population of geomagnetically trapped protons with kinetic energies up to ∼1 GeV, formed by cosmic ray albedo neutron decay (CRAND) and solar proton trapping [Selesnick et al., 2014] . The CRAND process also produces electrons, with kinetic energies primarily below 800 keV but is thought not to be a significant source of trapped electrons [Lenchek et al., 1961] . This conclusion is supported by the unsteady nature of inner belt electron intensity observed at these lower energies, with rapid (∼1 day) injections followed by slow decay [Rosen and Sanders, 1971] . Exponential decay timescales (e-folding times) are ∼100 days [Selesnick, 2012] . Injections occur most frequently at the lower energies (<600 keV), typically several times per year [Zhao and Li, 2013b] , but only occasionally for higher kinetic energies, E ≥ ∼1 MeV [Baker et al., 2007; Zhao and Li, 2013a] . Intense high-energy injections occurred in March 1991 [Blake et al., 1992] , associated with an unusually strong interplanetary shock [Li et al., 1993] , and October 2003 [Baker et al., 2004] , that produced an extreme magnetic storm (Dst ≲ −400 nT) and for which the injection mechanisms are still debated [Horne et al., 2005; Kress et al., 2007; Li et al., 2009] . The trapped multiple-MeV electrons with decaying intensity were subsequently observed for years in each case [e.g., Looper et al., 1994] . population of high-energy inner-belt-trapped electrons. The relative stability of the inner belt has been attributed to continuous replenishment by inward diffusion of electrons from the outer radiation belt [Lyons and Thorne, 1973] . Although the viability of such a source has been questioned [Kim and Shprits, 2012] , the reality of a stable-trapped electron population typically has not. In fact, the widely applied AE8 and AE9 empirical radiation belt models both specify substantial populations of inner belt high-energy electrons without any time dependence [Vette, 1991; Ginet et al., 2013] .
A strong resemblance between the stable inner belt proton distribution and the supposed electron distribution, in both space and time, is a clue that they may, in fact, be one and the same. The reliability of proton measurements is well documented [Selesnick et al., 2014] but not so for MeV electrons. Therefore, the possibility should be carefully considered that other measurements of a stable inner belt electron intensity for E ≥ ∼1 MeV are erroneous, resulting from contamination by protons.
In this paper, data from the Relativistic Electron Proton Telescope (REPT) [Baker et al., 2012] on each of the two Van Allen Probes satellites [Mauk et al., 2012; Kessel et al., 2012] and the Relativistic Electron Proton Telescope integrated little experiment (REPTile) on board Colorado Student Space Weather Experiment (CSSWE) [Li et al., 2012 are analyzed for possible detection of inner belt high-energy electrons. REPT is part of the Radiation Belt Storm Probes-Energetic Particle, Composition, and Thermal Plasma (RBSP-ECT) suite [Spence et al., 2013] , which consists of three sets of measurements: Helium, Oxygen, Proton, and Electron (HOPE) [Funstein et al., 2013] covering 10 eV to 50 keV; Magnetic Electron Ion Spectrometer (MagEIS) [Blake et al., 2013] covering 37 keV to 4 MeV; and REPT covering 1.6 MeV to 10 MeV electrons with each sensor designed to reduce or remove backgrounds expected from protons in the inner zone.
REPT and REPTile Data
REPT contains a stack of nine aligned Si solid state detectors that each measures energy deposition from charged particles. In combination they provide an accurate determination of incident kinetic energy for particles that enter through the front collimator (with a 32
• field of view) and stop in one of the detectors and integral energy determinations for those particles that fully penetrate the stack. Discrimination between species and energy of protons and electrons is nominally achieved from a set of logic conditions [Baker et al., 2012] . However, for the analysis presented in the paper, the logic conditions are not used but replaced by equation (1) to be described in section 3.
A subset of the REPT data are available as pulse height analyzer (PHA) events with fast time resolution (12 ms between events) that specify the energy deposits measured simultaneously in every detector. Each event ideally represents a single charged particle measurement. Together they form a detailed data set for differential high-energy electron and proton measurements and are used in this study. A data analysis method for discerning proton deposits from PHA data has been described previously [Selesnick et al., 2014] and is here adapted for electron data.
REPTile is a simplified and miniaturized version of REPT and has a robust design verified with Geometry and Tracking 4 (Geant4) simulations [Agostinelli et al., 2003; Schiller and Mahendrakumar, 2010; Li et al., 2013b] . Since CSSWE is in a highly inclined (65 • ) low Earth orbit, 480 km × 780 km, CSSWE traverses the radiation belts 4 times in each orbit (∼ 1.5 h), providing a global view of their spatial structure . Figure 1 shows energetic electron and proton fluxes in REPTile's first two energy channels plotted versus geographic longitude and latitude for a 4 day interval, 10-14 January 2013. The electrons are seen in a two-belt structure, with inner belt only seen above the South Atlantic Anomaly (SAA) region, where the Earth's magnetic field is weak. The outer belt lower energy electrons, 0.58-1.63 MeV, penetrate into the lower latitude or lower L, which represents the geocentric distance in R E at the equator of the shell if the Earth's magnetic field is approximated as a dipole, and some of them seem to merge with the inner belt, visible in the south of SAA region. The higher-energy electrons, 1.63-3.8 MeV, seem to be clearly separated from the inner belt. There are no solar energetic particle events during this period nor are any energetic protons detected in the outer belt. Energetic protons are thus detectable only when above the SAA region. A few points are worth noting here: (1) the intensity of 9-18 MeV protons is lower than 18-30 MeV protons, which is consistent with previous finding [Selesnick et al., 2007] , due to the faster loss of lower energy protons created by CRAND; (2) the lower energy electrons are in a much wider region around the SAA, and their flux is orders of magnitude higher than the proton flux in the SAA, demonstrating an abundance of such low-energy electrons in the inner belt as well as in the slot region; (3) the higher-energy electrons show a similar shape and flux level in the SAA as the protons, suggesting that the proton contamination can be significant for the higher-energy channel. Such similarity remains the same for some more active period, such as in the middle of October 2012 , while the outer belt electrons can be much different. Thus, we should look at these issues more carefully. Figure 2 shows measurements of these two channels taken in the Southern Hemisphere (blue) and Northern Hemisphere (red) as a function of the magnetic longitude for a longer period, 4-14 January 2013, for better statistics. As the electrons drift eastward, they are subjected to pitch angle scattering. Electrons that can be measured by REPTile in the north will precipitate into atmosphere in the SAA because their corresponding mirroring points would be below 100 km altitude. 
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In the drift loss cone (DLC, longitudes <250 • ) the lower energy E1 channel measurements show increasing flux (red line) as quasi-trapped electrons drift eastward. This is caused by large-angle, nondiffusive, pitch angle scattering of stably trapped electrons from Coulomb collisions with atmospheric neutral atoms, plasma ions, and free electrons [Selesnick, 2012] . Flux increases eastward during the time, ∼1 h, required to drift through the DLC before reaching the SAA (longitudes >250 • ), where electrons are lost in the dense atmosphere and where higher fluxes of stably trapped electrons are seen in the figure. Similar flux variations in outer belt electron data are caused by weak pitch angle diffusion from scattering by plasma waves [Selesnick, 2006; Tu et al., 2010] . Similar variations should also be expected for the higher-energy channel from REPTile in the inner belt if it also measures quasi-trapped electrons in the DLC and stably trapped electrons in the SAA. However, the E2 channel data in Figure 2 do not show such a pattern, casting doubt on the existence of such high-energy electrons (>1.6 MeV) in the inner belt.
The question is how to quantify the high-energy electron flux in the inner belt or at least find an upper limit. This will be the main focus of the following based on REPT measurements.
Particle Identification in REPT Measurements
Examples of PHA data taken by REPT-B (on the RBSP-B spacecraft) during a single day (1 January 2014) are shown in Figure 3 . Data numbers (DN) Figure 3 . REPT pulse height data for Range-2 events from a single day, 1 January 2014. The DN values from R1 and R2 are proportional to energy deposited in those detectors. Three L shell ranges represent (a) the outer belt electron peak, (b) the inner edge of outer belt electrons and outer edge of inner belt protons, and (c) the inner belt proton peak. Preliminary event identification, as described in the text, is indicated by color for protons (green), electrons (red), and background (gray). The number of events of each type in each L range is indicated.
proportional to energy loss, Δ, in a given detector, where Δ in MeV is ∼ DN/38 (the exact value varies between detectors and spacecraft). Figure 3 shows DN from the front detector (R1) versus DN from the second detector (R2), for so-called Range 2 events (events in which only the first two detectors were triggered and both had nonzero DN). Data are also separated by L: (a) 4.5 < L < 4.6, near the outer zone electron peak; (b) 2.9 < L < 3.4, near the inner edge of the electron outer zone and the outer edge of the proton inner zone; and (c) 1.4 < L < 1.5, near the inner zone proton peak.
In Figure 3 , events are nominally identified as protons (green), electrons (red), or background (gray). Similar identification is made for events with higher ranges, for which data from more detectors are available. To be considered a valid Range n proton or electron event there must be a high probability that the particle was in the REPT field of view (FOV), entered the detector stack at R1, and stopped in detector Rn. Low probability, or background, events can result from high-energy protons that were outside the FOV, or perhaps from electrons in the FOV that scattered out of the detector stack. The valid Range 2 events of Figure 3 have kinetic energies ∼20 to 30 MeV for protons and ∼1.5 to 3 MeV for electrons before passing through the 2 mm Be window (at the front of the detector stack) and R1 and finally stopping in R2.
The probability density function (PDF) for energy loss Δ in a path length x from an incident energy E is called the straggling function, f (Δ, E, x) [Bichsel, 1988] . The probability of a valid Range n event is given by the following product:
where the straggling function f is the probability density for measured energy loss Δ i in detector i of thickness x i with incident angle . The incident energy E (after going through the Be window) at R1 is reduced by the total energy loss up to detector i:
The straggling function f (Δ, E, x sec ) may also be viewed as the distribution of energy deposits Δ that would be measured in a detector of thickness x from many particles all with the same incident energy E and angle . It represents the probability of a particular Δ given E and , or, equivalently, of a particular E and given Δ. Since the energy deposits Δ i measured by consecutive detectors in REPT are independent random processes, the product of probabilities, f n−1 , in equation (1) is the probability of a particular E and given a set of measured Δ i . This probability depends on the assumed type of incident particle, proton, or electron, because the straggling functions are different for each. Therefore, by evaluating f n−1 separately for each particle type, the probabilities that a given event corresponded to an incident proton or electron are determined. If one of the probabilities is above a certain threshold, e.g., f min ∼10 −3 in the Range 2 event for either protons or electrons, then it is counted as a particle of that type. If neither of the probabilities are above the threshold, then it is a background event. (It never occurs that both probabilities are above the threshold because the proton and electron regions shown in Figure 3 do not overlap.)
For protons, accurate approximations are available for the straggling function [Selesnick et al., 2014] and f n−1 is evaluated at the incident energy for a particle stopping in detector n, E = E n , and for the mean incident anglēover the distribution f n−1 (E n , ).
Electrons can scatter significantly in the detector stack, and the incident angle at each detector is likely to vary. Evaluation of f n−1 is therefore more complex. However, a simplified approach was adopted for the task of electron identification by assuming the following: incident angle = 0 at each detector, and the straggling function f is the universal Landau distribution [Schorr, 1974] , which is accurate in the limiting case of thin detectors. Because the method is used only for identification of candidate electron events, the validity of this simplified approach is determined by its accuracy in cases where nearly all events are known to be electrons. For the medium L region represented in Figure 3b , both inner zone protons and outer zone electrons are identified. The background is higher, caused by protons outside the FOV and perhaps also by electrons that were not properly identified. However, as in Figure 3a , most of the candidate electron events were identified as valid, justifying the simplified approach described above. Very few proton events, or background events of indeterminate origin, were incorrectly identified as electrons, which have a very different energy deposit pattern. The low number of background events, relative to the number of valid electron events, leaves little doubt that most of the events are properly identified in this case.
For the inner zone, Figure 3c , valid proton and electron events are identified, but most of the PHA events are background caused by intense high-energy protons. These protons can penetrate the thick shielding, outside the FOV, that stops lower energy protons and electrons. Some background events are in close proximity, by DN value, to the identified electron events. Therefore, their classification as electrons is now dubious and should be confirmed or refuted by other means, as discussed in detail below. 
Energy Spectra of REPT Measurements
After valid PHA events have been identified, computation of particle intensity as a function of energy and pitch angle is straightforward for protons [Selesnick et al., 2014] , because the detection efficiency in the FOV is near unity. For electrons, scattering can reduce the detection efficiency. However,the REPT design minimizes scattering effects [Baker et al., 2012] and the same method for computing particle intensity is adapted here for electrons.
Outer zone electron omnidirectional differential energy spectra are shown in Figures 4a and 5a (black traces), averaged over the ranges 3 < L < 4 and 4 < L < 5, respectively. They are from REPT-A and REPT-B data combined and averaged over a 1 day interval (12 November 2013). Also shown are separate contributions to the total from the individual ranges n = 1 to 5 (colored traces). Range 1 events, for which only detector R1 is triggered, are useful in the outer zone, where it is safe to assume that all events are due to electrons. They provide a lower energy threshold than the Range 2 or greater events that are represented in the nominal energy ranges of REPT [Baker et al., 2012] . For the inner zone, Range 1 data are less useful for electron measurements because of the intense high-energy proton population, which can penetrate shielding outside the FOV and trigger R1 but not R2 and beyond. However, the ratio of outer zone spectra calculated with and without the Range 1 data (red line in Figures 4a and 5a ) provides an efficiency factor for correcting intensities calculated from Range 2 and above, extending their utility to lower energies. This efficiency factor is shown in Figures 4b and 5b . Despite the harder energy spectrum at lower L(= 3.5), the efficiency factors from the two L ranges (3.5 and 4.5) are in close agreement. They extend the useful energies of the Range 2 electron data down to ∼1.5 MeV in the outer zone. However, Range 2 and beyond data are still to be tested in the inner zone, as to be described in the next section.
Pitch Angle Distributions
Van Allen Probes satellites are oriented such that the spin axis is roughly in the sunward direction, with a spin period of ∼12 s. Directional differential intensity, from PHA events nominally identified as electrons, is shown in the form of equatorial pitch angle distributions (PADs) at selected L and E values in Figures 6 and 7. Data are from REPT-A and REPT-B data combined and averaged over a 6 day interval (3-8 October 2013). Figure 6 includes data from Ranges 1 to 5 events; Figure 7 includes only Ranges 2 to 5 events but uses the efficiency from Figure 5b (Figure 4b gives essentially the same efficiency) as a correction factor for the lower energies. For the lower energies, E = 1.7, 2.5, and 3.3 MeV, Figure 6 includes the Range 1 data but Figure 7 does not. The smaller number of events used in Figure 7 is combined with a smaller efficiency factor to determine electron intensities, which should thereby agree with those of Figure 6 . as confirmed by comparison with reliable measurement of the proton pitch angle distributions [Selesnick et al., 2014] . Clearly, the Range 1 data should not be used for inner zone electron measurements. In fact, all REPT data that are publicly available do not include any Range 1 data. Here the Range 1 data are shown in comparison with Range 2 data as a test of both data types.
The results from excluding Range 1 data ( Figure 7) do not show such clear inner zone proton contamination, but neither are the distributions characteristic of trapped electrons. Within statistical uncertainties, they are essentially isotropic for L ≤ 2.7. Loss cones widen with decreasing L, with widths ∼60
• at the lowest L values [Selesnick et al., 2014] . That prominent loss cones are not evident in the inner zone pitch angle distributions suggests that the measured electron intensities there are results of contamination. The likely explanation is that the intensity of any high-energy electrons that may be present is dominated by the background caused by inner zone protons (Figure 3c ). The background events can result from relativistic (≥500 MeV) protons, that leave low-energy deposits thus mimicking electrons, or from degraded energy deposits of lower energy protons. In either case, the proton energies are high enough (≥100 MeV) to penetrate the shielding around REPT and enter the detector stack at large angles to the telescope axis (rare nuclear scattering events in the detector stack may also contribute to the background). The pitch angle distributions therefore appear isotropic even though the protons themselves are in trapped distributions [Selesnick et al., 2014] .
Time Dependence
Omnidirectional differential intensity, from Range 2 and greater PHA events nominally identified as electrons, is shown as a function of L and time in Figure 8 , for (a) E = 2.1 MeV and (b) E = 4.9 MeV. Data are from REPT-A and REPT-B data combined and averaged over 2 day intervals from October 2013 to March 2014.
For L ≥ 2.6 there are intensity variations at both energies that are characteristic of outer zone electrons. Near the start of the interval, higher-energy electrons near L = 3 are unusually intense (Figure 8b ), as seen also in the PADs (Figure 6 or 7 ), but decay with time.
For L ≤ 2.6 the inner zone intensities are stable over time for both energies, apart from statistical fluctuations. It has already been seen that the inner zone data are dominated by proton background at LI ET AL.
©2015. The Authors. the start of the interval. Since there were no clear injections of high-energy electrons, the same conclusion applies throughout the interval.
Upper Limits
Omnidirectional differential intensity, from Range 2 and greater PHA events nominally identified as electrons, is shown as a function of L for selected energies in Figure 9 . Data are from REPT-A and REPT-B data combined and averaged over a 6 day interval (3-8 October 2013), as in Figure 7 . Inner zone regions where pitch angle distributions show that the data are in fact dominated by proton background are indicated (dashed lines in the figure). They vary from L < 2.8 for E = 1.7 MeV to L < 2.5 for E = 4.9 MeV, the higher energies being more reliable because proton background is lower when more detectors are triggered. The conclusion that the data are dominated by proton background is supported by the strong resemblance of the L distributions to those observed for trapped protons during the same time interval [Selesnick et al., 2014] . In these inner zone regions the measured intensities should be considered upper limits on the actual trapped electron intensity.
LI ET AL.
©2015. The Authors. Electron omnidirectional differential intensity from the AE8 and AE9 empirical models are shown as a function of L in Figure 10 , at the same selected energies as in Figure 9 . The modeled inner zone peak intensity near L = 1.5 is seen to be significantly higher than the upper limits derived from REPT data, at least for E ≤ 3 MeV. The derived upper limit on the omnidirectional differential intensity for L = 1.5 is shown as a function of E in Figure 11 (red line). The intensity from the AE8 (dashed black line) and AE9 (black line) models are shown for comparison. Also shown are MagEIS data (blue) of selected energy channels during the period of 24 February to 1 March 2013 and an exponential energy spectrum (green line) derived from data taken on the low-altitude DEMETER satellite during 2009 [Selesnick, 2012] . Those are reliable measurements of electron intensity for E < 800 keV, and an extrapolation to higher energies (dashed green line) is well below the upper limits derived from REPT data.
Discussion
There are abundant sub-MeV electrons in the inner radiation belt, as demonstrated by CSSWE/REPTile measurements shown in Figures 1 and 2 . These are consistent with previous studies using DEMETER measurements: (1) Selesnick [2012] modeled the precipitation loss of hundreds of keV electrons during the quiet year of 2009 and concluded that significant inward radial diffusion must be taking place to replenish the electron population, (2) Zhao and Li [2013a] modeled fast injections of hundreds of keV electrons during a more active year of 2001 and concluded that the fast enhancements of the electrons in the inner belt can be modeled by inward radial diffusion but the diffusion coefficients must be greater and more dynamic than what is commonly thought. However for MeV electrons, it is much more difficult to transport them inward, which is also illustrated and discussed in a recent paper by Baker et al. [2014] .
Also the high-quality measurements of the Magnetic Electron Ion Spectrometer, MagEIS, instrument [Blake et al., 2013] onboard Van Allen Probes, which was designed so it could correct for proton backgrounds in the inner zone, enabled detailed studies of the PADs of ≤ 600 keV electrons in the inner belt, and Zhao et al. [2014a Zhao et al. [ , 2014b Fennell et al. [2015] have shown that the energy spectrum of relativistic electrons in the inner belt is very steep and the flux of ≥ 800 keV electrons are already at the background noise level of the MagEIS, while the flux of < 400 keV electrons is even higher than the AE9 mean value as shown in Figure 11 .
However, AE8 and AE9 predict much higher MeV electron fluxes (< 3 MeV) in the inner belt than the upper limit bounded by REPT. We can provide two explanations for the discrepancies: (1) the models are based on data from early years when there had been more deep injections of MeV electrons [Blake et al., 1992; Baker et al., 2004] and there have not been any events as strong as those in terms of interplanetary shock speed and geomagnetic storm intensity in the years just before and during the Van Allen Probes era; and (2) the proton contamination on previous data used for the model building may not have been removed properly.
REPT represents a state-of-art instrument for accurately measuring the energetic particles in the magnetosphere-both REPT instruments on the twin Van Allen Probes show identical features throughout their entire orbits, including the outer belt, slot region, and the inner belt. This, supported by the highquality measurements of the MagEIS instruments that show no measurable >800 keV electrons in the inner belt [Fennell et al., 2015] , leaves little doubt that the upper limits of MeV electrons bounded by REPT measurements should be the standard for future model improvement, at least for periods like the last few years when no extreme solar wind conditions were observed.
Conclusion
Concurrent measurements of relativistic electrons by REPTile and REPT have been analyzed with the focus on the upper limit of MeV electrons in the inner belt. While there are abundant sub-MeV electrons (<600 keV) in the inner belt, the intensity of >1 MeV electrons can only be bounded by upper limits (the actual MeV electron flux level is likely much lower), which are significantly lower than intensity levels predicted by AE8 and AE9 models. This finding is significant for two reasons: (1) it shows that unless there are extreme solar wind conditions, such as strong interplanetary shocks and large coronal mass ejections, which have not happened yet since the launch of Van Allen Probes, significant enhancements of MeV electrons do not occur in the inner belt even though such enhancements are commonly seen in the outer belt; and (2) it also suggests that deep dielectric discharging due to MeV electrons is not a concern for satellites in the inner belt region, at least not during the phase of solar cycle where strong interplanetary shocks and large coronal mass ejections are much less likely.
